In 2013, the IceCube Neutrino Observatory located at the geographic South Pole detected evidence for a diffuse astrophysical neutrino flux above ∼60 TeV. To this day, IceCube has operated with full detector configuration for more than 6 years. The observed astrophysical neutrino flux has been confirmed with > 6σ significance with both events starting within the detector (all flavor) and events traversing through the Earth (ν µ charged-current). Somewhat equal flavor ratio of astrophysical neutrinos is expected at Earth assuming standard thorough oscillation. A search for tau neutrinos has been carried out but yielded null result. No neutrino sources have been found to contribute significantly to the diffuse flux at this point. In this paper, we will review the current status of the astrophysical neutrino flux, discuss the quest for neutrino point sources and overview the proposed design and physics potentials of the future IceCube-Gen2.
Cosmic Rays, Cosmic Neutrinos and IceCube
Charged particles from space known as cosmic rays are constantly bombarding the Earth's atmosphere, fragmenting air nuclei and producing copious hadrons which subsequently decay into γ-rays, muons and neutrinos. The energy spectrum of the cosmic rays detected at Earth spans greater than 10 orders of magnitude, and follows an almost featureless power law of E −2.7 from ∼10 9 eV to beyond 10 20 eV. Even after a century since their discovery, the origin of cosmic rays are largely still unknown. It is expected that the ultra-high-energy (> 10 18 eV) cosmic rays (UHECRs) are accelerated by extremely energetic engines and events such as active galactic nuclei (AGN) and gamma ray bursts (GRBs). Within the acceleration sites, γ-rays and neutrinos are produced from protons interacting with the ambient materials via the pp and pγ hadronic processes. Not only are UHECRs deflected by magnetic fields, which make it difficult to relate back to their origin, but they also can interact with the cosmic microwave background (CMB) via the pγ → ∆ + process, confining them to a horizon ∼50 Mpc. High energy (>PeV) photons, produced in distant cosmic ray acceleration sites interact with the extragalactic background light, which also limits the visibility to those potential accelerators in the γ channel. Neutrinos, on the other hand, have no charge and interact only weakly. They can traverse astronomical distances without being absorbed and point back to their origin once detected on Earth. They are a direct diagnostics of hadronic processes. Therefore, detection of high energy neutrino sources will be smoking gun evidence for UHECRs accelerators.
The IceCube Neutrino Observatory is a cubickilometer neutrino detector located at the geographic IceCube consists of an array of 5160 digital optical modules (DOMs) deployed in the Antarctic glacial ice cap at depths between 1450 m and 2450 m from the surface, a straight overburden of 1.5 km of ice to shield the down-going atmospheric muons. There are 86 cables called strings, each of which has 60 DOMs. The inter-string distance is ∼125 m, and the vertical distance between two DOMs is ∼17 m. A more densely (interstring 60-70 m, inter-DOM 7 m) instrumented sub-array called DeepCore is located at the bottom center of IceCube, which lowers the detection energy threshold to ∼10 GeV and opens a window for atmospheric neutrino oscillation physics and new physics at these energies.
Neutrinos cannot be detected directly. In IceCube, neutrinos are detected via the Cherenkov photons emitted by the relativistic secondary particles from neutrino interacting with the ice nuclei. It relies on the precise reconstruction of such interactions based on the timing and charge information collected by each DOM during an event readout. There are two main categories of event topologies in IceCube: tracks and cascades. A track is made by a (ν µ -induced) muon traveling through the detector and emitting Cherenkov radiation along its trajectory. A cascade can be made by neutral current (NC) interactions of all neutrino flavors, ν e charged current (CC) interactions and low energy ν τ CC interactions. During these interactions, relativistic hadrons and electrons are created, then decay or interact, producing a shower of subsequent particles. Angular resolution for tracks is < 1
• and for cascades is ∼15
• above 100 TeV. Energy resolution for tracks is about a factor of 2, while for cascades is ∼10% [1] . A third type of event topology called double cascade (not yet observed) can be made by high energy ν τ undergoing CC interaction, producing one cascade, and the outgoing τ lepton decays subsequently into hadrons or electrons, producing a second cascade.
Diffuse Astrophysical Neutrino Flux
The IceCube detector is triggered by down-going atmospheric muons at a rate of ∼3 kHz. There is roughly one atmospheric neutrino in a million cosmic-ray induced muons, while this number for astrophysical neutrinos is one in a billion. It is, therefore, challenging to separate the astrophysical neutrinos from the enormous atmospheric backgrounds. Two PeV cascade events were first discovered in an analysis optimized for extremely high energy (EHE) GZK neutrino search, hint- Figure 2 : Distribution of deposited PMT charges of the events. Atmospheric muon backgrounds (estimated from data) are shown in red. Due to the incoming track veto, these backgrounds fall much faster than the overall background at trigger level (black line). The data events in the unshaded region at charges greater than 6000 p.e. are the events reported in this work. Atmospheric neutrino backgrounds are shown in blue with 1s uncertainties on the prediction shown as a hatched band. For scale, the 90% CL upper bound on the charm component of atmospheric neutrinos is shown as a magenta line. The best-fit astrophysical spectra (assuming an unbroken power-law model) are shown in gray. The dashed line shows a fixed-index spectrum of E 2 , whereas the solid line shows a spectrum with a best-fit spectral index. ing astrophysical neutrinos at 2.8σ significance above atmospheric backgrounds [3] . Currently, two strategies are employed to sufficiently select astrophysical neutrinos. One is using a thin outer layer of the detector as an active veto to reject incoming muons, and keeping only events starting within the detector fiducial volume. This method is very efficient to select high energy neutrino events as most high energy muons will leave light along their trajectory when passing through the detector, while neutrinos only produce light when their interactions with ice nuclei occur. This veto method is sensitive to neutrinos of all flavors from the whole sky. With an event-wise charge cut of 6000 photoelectrons, an active veto method was rapidly developed to find more high energy starting events (HESE) after the two PeV cascades were found. With the veto method, a diffuse astrophysical neutrino flux has been observed at > 6σ significance above ∼60 TeV [2, 4, 5] . A total of 54 events were detected in 1347 days from May 2010 to May 2014 ( Fig. 1) , with expected 12.6 ± 5.1 atmospheric muons and 9.0
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The best fit all-flavor flux assuming an unbroken power law is
. An adaptive veto which expands as energy lowers (more veto volume is needed to tag dimmer muons) was developed to find even more starting events above ∼1 TeV, resulted in consistent results [6] . Another strategy is to use the Earth as a filter for atmospheric muons, leaving only up-going tracklike events. These are predominantly ν µ CC events and a small fraction of ν τ CC events with the τ lepton decaying into muons. This search measured an astrophysical ν µ flux at 3.8σ in two years of IceCube data from 2010 to 2012 [8] . To date, 6 years of data has been ana- 
Astrophysical flux
The best-fit for the unbroken power-law model of the astrophysical flux results in
The statistical significance of this flux with respect to the atmospheric-only hypothesis is 5.6 standard deviations. The fit results are shown in Fig. 5 and summarized in Tab. 3. The quoted errors are based on the profile likelihood using Wilks' theorem (Wilks 1938) and include both statistical and systematic uncertainties. No contribution from prompt atmospheric neutrinos is preferred by the best-fit spectrum and an upper limit, based on the profile likelihood is shown in Fig. 5 . For more information about the upper limit for prompt atmospheric neutrinos see Sec. 6. 
Test for anisotropies related to the galactic plane
As discussed in Sec. 4.6 the measurement in this paper confirms the observation of an all-sky diffuse high-energy astrophysical neutrino flux. However, a tension exists between the measured spectral index of this analysis with the starting event data which originates mostly from the Southern hemisphere. Furthermore, Neronov & Semikoz (2016) claim inconsistency of the previously published starting event data with an isotropic signal with a preference of a galactic latitude dependency. As the comparison to the Southern hemisphere is subject to different energy thresholds and detector systematics, we perform a simple, self-consistent test for a dominant signal from the galactic plane.
We split the sample in two right ascension regions, one containing main parts of the galactic plane: ↵ 2 [0.0 , 108.9 ) [ [275.0 , 360.0 ) and one excluding it: ↵ 2 [108.9 , 275.0 ). These intervals are chosen such, that the two split samples are of similar statistics, resulting in 162363 and 189931 events respectively. Both samples are fitted independently and the aforementioned systematics can be considered identical as they are equalized by the daily Earth rotation.
The fit results, shown in Fig.17 , is a small but not statistically significant larger flux and softer spectrum from the region including the galactic plane. The p-value for both results being compatible is at about 43%. In conclusion, the observed flux is not dominated by the galactic plane. How- Fig. 2 . No spatial or timing clustering was found among these events, neither did they correlate with any gamma ray source catalogs considered [7] . Figure 3: Differential upper limits (red) on astrophysical tau neutrino flux based on null results from a search using three years of data [9] .
Astrophysical neutrinos at Earth are expected to have somewhat equal flavor ratios due to standard thorough oscillation. Therefore, there should be a large number of tau neutrinos in the observed flux. At energies below PeV, the double cascade topology from ν τ CC interactions is very difficult to distinguish from single cascades, given that the separation distance scales as ( E τ 1 PeV · 50 m) with E τ being the energy of the outgoing τ lepton. The double cascade process could, however, manifest itself in the time-stamped waveforms as double pulse. A search for astrophysical tau neutrino double pulse signature in the waveforms was carried out with three years of IceCube data. Zero events were found, consistent with Monte Carlo expectation of 0.5 ν τ double pulse events in 3 years. For the first time, a differential upper limit for astrophysical tau neutrinos is set around the PeV energy region as shown in Fig. 3 [9] . A maximum likelihood analysis of the astrophysical neutrino flux combining both starting events and through-going track events returned the best fit astrophysical neutrino flavor ratio to be consistent with equal mixing [10, 11] .
Search for Neutrino Point Sources
Event selections optimized for point source sensitivity and discovery potentials usually result in looser cuts and larger event samples than those targeted at diffuse astrophysical flux studies. Point source analyses in IceCube have better sensitivity in the northern sky using through-going track-like events which are predominantly atmospheric muon neutrinos with angular resolution < 1
•
. A search for all sky time-independent clustering of astrophysical neutrinos, using 7 years of data from 2008 to 2015 with over 700,000 track-like events, did not find any significant steady point like Figure 6 . All-sky result of the unbinned likelihood maximization shown in equatorial coordinates (J2000). Shown is the negative logarithm of the pre-trial p-value, − log 10 p, assuming no clustering as null-hypothesis. The Galactic Plane is shown as black line.
ical neutrino sources was found. In the following, the results of the three tests introduced in the previous sections are discussed and 90% upper-limits on neutrino source fluxes are calculated. Finally, implications with respect to neutrino models of γ-ray sources and the observed diffuse neutrino flux are presented. Figure 6 depicts the pre-trial p-value − log 10 p of all points in the sky in equatorial coordinates (J2000) with respect to the null-hypothesis of no observed clustering.
All sky scan
In the northern sky, the most significant position was at α = 32.2
• , δ = 62.1
• at an accuracy of 0.35
• ) for 1σ (90%) contours using Wilks' theorem with two degrees of freedom. The best fit parameters at the location aren S = 32.6 andγ = 2.8, yielding a pre-trial p-value of 1.82 × 10 −6 . Looking at each of the combined seasons individually reveals that for each season clustering is observed, providing no indication of timedependence that could suggest additional evidence for an astrophysical origin.
In the southern sky, the most significant point is at α = 174.6
• , δ = −39.3
• . The best fit point is atn S = 15.4, with spectral indexγ = 2.9. The uncertainty of the location amounts to 0.22
• (0.32 • ) for 1σ (90%). The pre-trial p-value is 0.93 × 10 −6 ; most of the significance at this location is shared by the newly added data of through-going and starting tracks. Indeed, one starting track is within 0.9
• distance to the location which is wihtin 1σ of its reconstruction uncertainty.
Due to the large number of tested locations in the sky, the two most significant locations in the sky have to be trial corrected with the trial correction in Eq. 5 that is estimated by repeating the full-sky scan on scrambled data trials, as shown in Fig. 7 . This yields post- trial p-values of 29%, 17% for northern and southern sky, respectively. Hence, the full-sky results are in agreement with a pure background assumption, and no significant clustering is observed. For an unbroken E −2 power-law spectrum, the 90% upper-limits of the two most significant positions are E Fig. 8 , the solid blue line indicates the 90% upper-limit established by the hottest spot results. A neutrino source at any declination δ that would emit a steady flux higher than this curve, would be detected 90% of the time as having a greater significance than that actually observed for the hottest spots found in the analysis (whose 90% upperlimits are highlighted as stars on the blue line).
Besides the results of the full-sky scan, there are two neutrino events detected with IceCube that are worth commenting on here. The first one is the highest energetic neutrino event detected (4.5 ± 1. 2015e). Not only does it start inside of the IceCube detector, but the reconstructed track points back to the IceTop surface detector and no atmospheric shower is observed in coincidence with the event. This event is part of the starting track sample (Section 2.3), but no clustering of events apart from the track itself is observed at the location in the sky (α = 218
• , δ = −86 • ) and the pre-trial p-value is 0.6%.
Hotspot population
The search for populations of weak sources in the full-sky in Fig. 6 did not reveal any significant outcome above background expectation. In Fig. 9 , the number of spots versus pre-trial p-value − log 10 p min threshold is shown for northern (left) and southern sky (right). The observed number of spots is shown versus background expectation with shaded areas indicating 1σ, 2σ, and 3σ intervals. This is then converted to a local p-value P according to Eq. 6.
In the northern sky, the most significant excess is observed above a threshold of − log 10 p min ≥ 3.35 with 72 spots above a scrambled data expectation of 56.7. The local p-value of such an excess is P = 2.8% and increases to 25% after trial correction. For the southern sky, 7 spots above an expectation of 2.1 spots at − log 10 p min ≥ 4.66 are reported. The probability of this happening by fluctuations of background is 0.62%. After correcting this for trials by scanning in − log 10 p min for the biggest excess, the p-value increases to 8.2%. Restricting the analysis only to regions within ±15
• of the Galactic Plane the biggest excess is observed Figure 4 : Left: results of all-sky time-independent clustering search in logarithmic pre-trial p-values. Right: sensitivity (dashed red) at 90% C.L., 5σ discovery potential (solid red) and 90% C.L. upper limit (blue) assuming a ν µ +ν µ unbroken E −2 energy spectrum [12] .
emission. Both untriggered fine grid full sky scan (suffers from high trial factor penalty) and correlating to 74 γ-ray sources (trial factor significantly reduced) were performed. Results are consistent with background and stringent upper limits on steady astrophysical point source flux are set on the level of E (Fig. 4) [12] . Other searches correlate neutrinos to a same category of sources use a stacked maximum likelihood method to probe the scenario of distributed weak sources. Such analyses include a recent search for steady astrophysical neutrino emission from 862 blazars detected in GeV γ-rays [13] , and searches for prompt time-correlated neutrinos with 1028 GRBs [14, 15] . No significant correlation was found, constraining that less than 20% and 1% of the diffuse flux could have come from blazars and GRBs, respectively. Complementary to the dedicated multimessenger searches, the currently operating realtime alert system sends high significance alert to partnership observatories within O(min) latency, enabling realtime multi-messenger follow-ups in the electromagnetic counterparts and gravitational waves.
Conclusion and Outlook
The IceCube Neutrino Observatory has detected a diffuse astrophysical neutrino flux, marking the dawn of neutrino astronomy. Among this flux, a ν µ flux has been observed, while the ν τ component has yet to be identified. No TeV neutrino point sources have been found at this point. More sophisticated algorithms are under development to continue the hunt for sources as more data are collected. A future generation detector in planning, called IceCube-Gen2, aims to increase the detector volume by a factor of 10 [16] and make the bottom center sub-array even denser [17] . This will improve the sensitivity by up to an order of magnitude for both high and low energy neutrinos.
The Universe is opaque to the highest energy photons and cosmic rays, but entirely transparent to neutrinos and gravitational waves. Multi-messenger astronomy with electromagnetic signals, cosmic rays, gravitational waves, and neutrinos will provide unprecedented opportunities to explore the cosmos.
